The host response to Coxsackievirus infection is complex, including T lymphocytes, B lymphocytes, natural killer cells, and macrophages. Although Coxsackievirus infection induces expression of inducible nitric oxide synthase (NOS2; EC 1.14.13.39) in macrophages, the precise role of NOS2 in the host response to Coxsackievirus myocarditis has been unclear. We show, by using mice homozygous for a disrupted NOS2 allele, that Coxsackievirus replicates to higher titers in NOS2 ؊/؊ mice, that the host lacking NOS2 clears virus more slowly than the wild-type host, and that myocarditis is much more severe in infected NOS2
Coxsackievirus B3 (CVB3) infection is the leading cause of viral myocarditis in humans. The natural history of CVB3 myocarditis is variable; the acute myocarditis can resolve completely or develop into a chronic myocarditis, but the host resistance factors that influence the outcome of the disease are not completely understood. Prior work in a murine model of CVB3 myocarditis has demonstrated that antibodies are a specific host defense against CVB3. Nonspecific host defenses against CVB3 include natural killer (NK) cells (1, 2) , macrophages (3) (4) (5) (6) (7) (8) , and interferon signaling (2, 3, (9) (10) (11) (12) (13) (14) (15) (16) (17) .
Interferon-␥ can induce macrophages to express inducible nitric oxide synthase (NOS2; EC 1.14.13.39) and to produce nitric oxide (NO) (18, 19) . NO is a nonspecific effector molecule with antiviral properties (reviewed in ref. 20) . A wide variety of viruses can induce NOS2 (21) (22) (23) (24) (25) (26) (27) (28) , and NO can inhibit the replication of many viruses in vitro and in vivo (29) (30) (31) (32) (33) (34) . However, experiments have shown that in some animal models, NO improves the clinical course of viral infection (31, 33) ; in other models NO is detrimental (21, 25) , and in still other models NO has no effect (26, 35) . One possible explanation for this apparent contradiction is that conclusions have been made mainly with NOS inhibitors that are nonspecific, inhibiting not only NOS2 but also NOS1 (neuronal NOS) and NOS3 (endothelial NOS), and perhaps having effects unrelated to NOS isoforms.
We and others have shown that CVB3 infection induces NOS2 in the myocardium of infected mice (10, 36, 37) , and we have shown that NO can inhibit CVB3 replication in vitro (38) . However, a recent report shows that inhibition of NOS in mice infected with CVB3 has no effect on viral titer and reduces mortality (39) . Furthermore, the NOS inhibitors used in the experiments of us and others are not specific inhibitors of the NOS2 isoform. Thus the exact role of NOS2 and NO in the host response to CVB3 viral infection has not been precisely determined. By using mice genetically deficient in the NOS2 locus (40), we tested the hypothesis that NOS2 is a critical antiviral effector against CVB3 infection.
MATERIALS AND METHODS

Animals.
Wild-type 129͞Sv mice were purchased from The Jackson Laboratory. MF1͞129 NOS2-disrupted gene mice were generated as previously described (40) . MF1 mice were purchased from Harlan Laboratories (Haslett, MI). All mice, MF1, 129͞Sv, MF1͞129 wild type, and MF1͞129 NOS2, were bred and raised in our own animal facilities and maintained with their mothers until they reached 3 weeks of age. Mice were infected at age 3 weeks and then housed in isolated rooms in microisolator cages.
Cell and Viral Culture. CVB3 (Nancy strain) (generous gift of Charles J. Gauntt, University of Texas Health Science Center at San Antonio, TX) was grown and titered with HeLa cells. In brief, HeLa cells were cultured in growing medium [Eagle's minimal essential medium (MEM), GIBCO] supplemented with 1% L-glutamine (100 mmol), 100 units͞ml penicillin, 100 g͞ml streptomycin, and 10% fetal calf serum. After infection, HeLa cells were fed with infecting medium (MEM with 1% fetal calf serum). Viral stocks were prepared by infecting an 80-90% confluent monolayer culture of HeLa cells at a multiplicity of infection of 10. Two days after incubation at 37°C, the cells were frozen and thawed three times, and the suspension was centrifuged. Viral supernatants were titered by the plaque assay method and stored at Ϫ80°C. The CVB3 stock titer was 2 ϫ 10 9 plaque-forming units͞ml (pfu͞ml).
Plaque assays were used to measure the amount of virus in the tissue (Charles J. Gauntt). Serial dilutions of CVB3 were added to six well plates of 90% confluent HeLa cells in a volume of 200 l for 1 h at 37°C with gentle rocking of the plate every 15 min. Equal volumes of 2% agar (Difco) and 2ϫ infecting medium at 42°C were mixed, and then 2 ml of the mixture was added to each well. Plates were incubated for 2 days at 37°C, the wells were fixed with Carnoy's solution (25% acetic acid/75% ethanol), the agar plugs were removed, the cells were stained with Coomassie reagent, and the plaques were counted. Viral Infections. Mice that were 3 weeks old were infected by intraperitoneal injection of 0.1 ml of solution containing 10 5 or 10 0.1 ml of solution with no virus. Animals were killed at different times after infection, according to the institutional guidelines of The Johns Hopkins University. Blood and the entire hearts, livers, kidneys, pancreas, and spleens were collected, and one-half of each specimen was frozen in liquid nitrogen for viral culture, RNA, and protein isolation. The other portion was fixed in 10% formalin buffer and embedded in plastic matrix for histopathological examination.
Western Blot Analysis. Organs were homogenized in lysis buffer [50 mM Tris͞1 mM EDTA͞1 mM EGTA͞0.17 mg/ml phenylmethylsulfonyl fluoride͞2 g/ml of the protein inhibitors (leupeptin, pepstatin, antipain, and antitrypsin)]. The homogenate was briefly centrifuged and supernatants were collected. Proteins were quantified by Coomassie assay, and the samples were stored at Ϫ20°C. Tissue homogenate (200 g) was fractionated by SDS͞PAGE and then transferred to a nylon membrane, which was blocked and washed. NOS2 protein expression was detected by incubating with a specific anti-NOS antibody generated in our laboratory (36) at a dilution of 1:2,000. Blots were developed with a chemiluminescent system (enhanced luminol reagent, DuPont; according to the manufacturer's instructions).
Reverse Transcription-PCR (RT-PCR) Amplification of CVB3 RNA. For RT-PCR, total RNA was harvested from different organs by the guanidinium thiocyanate͞phenol͞ chloroform method (41) . For the template, 0.8 g of RNA from each of three mice was mixed and used to amplify a 200-bp cDNA fragment in a RT assay, followed by a PCR (GeneAmp, PerkinElmer; according to the manufacturer's instructions). For the amplification of the corresponding cDNA fragment, the following primers based on the CVB3 genomic sequence were selected: sense primer, 5Ј-ACTCTGCAGCGGAACCGACTA-3Ј (position 526 in the CVB3 cDNA sequence); and antisense primer, 5Ј-GCTGTATTCAACTTAACAATG-3Ј (position 738 in the CVB3 cDNA sequence). The amplification was performed with 25 cycles consisting of denaturation for 1 min at 94°C, primer annealing for 1 min at 60°C, and primer elongation for 1 min at 72°C. The cDNA molecules were electrophoresed in 1% agarose and visualized with ethidium bromide staining. To confirm the identity of the fragments amplified, PCR products were hybridized with the 1.5-kb CVB3 probe described above in a Southern blot. The amount of RNA in a Southern blot was quantitated with NIH Image analysis software on an Apple computer.
Histology. Hearts were harvested from mice and embedded in plastic and stained with hematoxylin and eosin as described previously (36) . The severity of myocarditis was graded on a scale of 1-5 as described previously (42) .
Statistics. Data were analyzed by using an ANOVA from a Microsoft Excel application run on a Power Macintosh 8500 from Apple Computer.
RESULTS
CVB3
Infection Induces NOS2 Expression. CVB3 infection induces NOS2 mRNA in wild-type mice. [The wild-type control mice included MF1 mice, 129 mice, and hybrid (MF1 ϫ 129)F 2 wild-type mice; the NOS2 null mice are (MF1,129) chimeras (40) .] NOS2 RNA is absent from noninfected mice. Wild-type mice infected with 10 5 or 10 7 pfu of CVB3 express NOS2 mRNA in the myocardium (Fig. 1 ). NOS2 RNA is detected day 1 after infection and is then expressed at greater levels, peaking at day 5. Wild-type mice infected with a larger dose of CVB3 express more NOS2 mRNA than mice infected with lower doses. In contrast, NOS2 null mice did not express NOS2 mRNA (data not shown).
CVB3 Genome Replicates to Higher Levels in NOS2 Null Mice. To explore the effect of NOS2 on the replication of CVB3, we performed RT-PCR of CVB3 RNA from hearts of infected mice. RNA was harvested from hearts of infected NOS2 null and wild-type mice and analyzed by RT-PCR with primers designed to amplify a 200-bp fragment from the CVB3 genome (see Materials and Methods). The CVB3 genome is present for longer periods of time at higher levels in the NOS2 null mice, as compared with the wild-type controls (Fig. 2) . When a lower dose of 10 5 pfu is injected into the three wild-type control mice, CVB3 RNA appears at day 5 and disappears by day 10 (Fig. 2 A) . In contrast, CVB3 is detected on day 1 in infected NOS2 null mice infected with 10 5 pfu and persists through day 15. When a higher dose of 10 7 pfu is injected into the three strains of wild-type mice, CVB3 RNA appears at day 3 and disappears at day 10 (except in the 129 strain, in which RNA persists through day 15). CVB3 RNA in the NOS2 null mice is expressed at much higher levels than in controls and appears earlier, and at day 15 is still present at high levels. Much higher levels of CVB3 RNA are found in infected mice lacking NOS2 than in wild-type mice ( Fig. 2 B and C) . Quantitation of the CVB3 RNA by densitometry reveals that on day 7, the peak of viral RNA steady state levels in NOS2 null mice is 20-fold greater than in wild-type mice infected with 10 5 pfu. In mice infected with 10 7 pfu, the amount of CVB3 RNA is 40-fold greater than in controls.
Increased CVB3 Replication in Mice Lacking NOS2. We then compared the kinetics of viral growth in wild-type mice and in mice lacking the NOS2 gene. Mice were infected with CVB3 at two different doses, 10 5 and 10 7 pfu i.p. The amount of virus in organs from infected mice was measured 0, 3, 5, 7, 10, and 15 days after infection (see Materials and Methods).
The greatest amount of CVB3 is found in the heart 5-7 days after infection (Fig. 3) . However, CVB3 titers in the hearts of mice lacking the NOS2 gene are approximately 40-fold higher than titers in (MF1 ϫ 129)F 2 wild-type mice at an initial dose of 10 5 CVB3 and are approximately 500-fold higher at an initial dose of 10 7 (Fig. 3) . Compared with the MF1 wild type, titers in the NOS2 null mice are still greater, although not as much as the (MF1 ϫ 129)F 2 wild-type mice (Fig. 3) .
Initially, hearts of the NOS2 null and the wild-type mice start out with similar titers of CVB3 on day 3. However, mice with the NOS2 gene clear the viral load from the hearts more rapidly than those lacking the NOS2 gene. These differences are most pronounced when mice are infected with a higher titer of CVB3 at 10 7 pfu. Virus is eliminated from the wild-type mice but persists at high titers in the NOS2 null mice (Fig. 3B) .
Titers of CVB3 are higher in other organs of NOS2 null mice as well, approximately 10-100-fold greater than wild-type (MF1 ϫ 129)F 2 mice ( Table 1 ). The most significant differences between NOS2 null and wild-type mice are in the titers For A the differences between the NOS2 null mice and the MF1͞129 wild-type mice at days 7, 10, and 15 have a P Ͻ 0.01. For B the differences between the NOS2 null mice and all other mice at all time points have a P Ͻ 0.001 (n ϭ triplicate measurements from each of 3 mice Ϯ SD).
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Proc. Natl. Acad. Sci. USA 95 (1998) found in the heart and blood. (For both wild-type and NOS2 null mice, CVB3 titers peak earlier in the other organs and blood compared with the heart; maximal titers in most organs occur at day 3, but in the heart at day 5.) Increased Myocarditis in NOS2 Null Mice. The severity of heart damage was quantified by histological grading of sections with a scale previously described (42) . The hearts of infected mice developed myocarditis in a time-and dose-dependent manner (Fig. 4) . Heart damage in all strains of mice peaks 5-7 days after infection with 10 5 pfu CVB3. However, myocarditis begins earlier in infected NOS2 null mice, is more severe, and resolves more slowly (Fig. 4A) . Similar but more pronounced results are observed in mice infected with 10 7 pfu of CVB3 (Fig. 4B ).
As has been reported by others, the histological appearance of CVB3 myocarditis follows a typical pattern in wild-type mice. From days 0 to 5, scattered, small foci of inflammation arise with cells histologically consistent with macrophages and lymphocytes, along with myocyte necrosis in all mice. By days 6-10, more abundant and larger foci are present, with myocyte necrosis; areas of calcification are observed only in MF1 wild-type mice. After day 10, the myocarditis resolved in wild-type mice infected with low doses of CVB3, with some minor regions of fibrosis.
In contrast, the histological appearance of CVB3 myocarditis in NOS2 null mice is much more severe after day 10 than in wild-type mice. There is more degeneration of myocytes and more extensive dystrophic calcification with extracellular deposits of calcium (Fig. 5) . This pattern is also seen in CVB3 mice lacking NK cells (2) . The extensive damage does not resolve 14 days after infection in the NOS2 null mice, as it does in the wild-type controls.
Increased Inf lammatory Lesions in NOS2 Null Mice. Lack of NOS2 is associated with an increase in the number of focal lesions in hearts of infected mice (Fig. 6 ). Mice infected with 10 5 or 10 7 pfu i.p. were sacrificed on days 3, 5, 7, 10, and 15, and the number of inflammatory lesions was counted. Wildtype mice infected with 10 5 pfu of CVB3 have less than 15 foci, whereas NOS2 null mice have 57 foci on day 7. Wild-type mice infected with 10 7 pfu of CVB3 have less than 30 foci, whereas NOS2 mice had greater than 200 foci on day 7.
DISCUSSION
The data presented here demonstrate that NO (or a reactive oxygen species derived from NO) plays an important role in the immunologic response to Coxsackievirus infection. In NOS2 null mice, CVB3 replicates to higher titers in all organs, particularly the blood and the heart, and causes more damage than in wild-type mice. Prior work by us and others showed that CVB3 induces NOS2 and that nonspecific inhibition of all NOS isoforms increased the mortality of infected mice (10, (36) (37) (38) . Use of mice lacking the NOS2 gene permits a more specific analysis of the role of NOS2 in isolation from the other NOS isoforms and eliminates the possibility that effects of arginine analogs may influence viral replication by mechanisms other than NO production.
Our study focused on the acute phase of viral myocarditis, which takes place within the first 10-15 days after infection. CVB3 was virtually eliminated from wild-type mice 10 days after infection. In contrast, CVB3 appears earlier and persists later in hearts of animals lacking NOS2, compared with CVB3 in wild-type mice. CVB3 RNA was detected at day 1 in NOS2 null mice as compared with day 5 in wild-type mice (Fig. 2) . These data support the idea that NOS2 is a component of an early host response to infection.
The CVB3 content in blood is 100-fold greater in mice lacking NOS2 than in mice with NOS2. Perhaps this inability to reduce the circulating viral load permits more virus to enter other organs of the infected host, increasing the total viral burden. For example, the NOS2 null mice had between 40-and 1000-fold more virus in their hearts than the wild-type controls. These data suggest that NO (or a reactive oxygen species derived from NO) inhibits viral replication in vivo, confirming previous work that demonstrates NO inhibition of CVB3 replication in vitro (10, (36) (37) (38) . A reduction in CVB3 RNA in mice with the NOS2 gene also confirms in vitro studies showing that NO reduces replication of the Coxsackieviral RNA genome (38) . However, this work contradicts the results of others that show that nitroarginine has no effect on viral titer in vivo and actually increases survival of infected mice (39) . Perhaps nitroarginine has effects on other NOS isoforms or other enzymatic pathways.
It has been suggested that NO can be either beneficial or harmful to the host, depending on the amount of NO pro- 4 . Severity of myocarditis in infected mice. Wild-type mice (MF1, 129, and MF1͞129 hybrid F2) and NOS2 null mice (MF1͞129 KO) were infected with (A) 10 5 or (B) 10 7 pfu of CVB3. Hearts were harvested from noninfected animals or from infected mice at times 1, 3, 5, 7, 10, and 15 days after infection. Tissue sections were stained with hematoxylin and eosin, and the severity of the myocarditis was graded. For A the differences between the NOS2 null mice and all other wild-type controls for day 5 are P Ͻ 0.05 and for days 7-15 are P Ͻ 0.001. For B the differences between the NOS2 null mice and all other wild-type controls are P Ͻ 0.005. (n ϭ 3 sections from each of 3 mice Ϯ SD.) 2472 Immunology: Zaragoza et al. Proc. Natl. Acad. Sci. USA 95 (1998) duced. In our study, mice lacking NOS2 had a much more severe myocarditis than mice expressing NOS2. Mice lacking NOS2 had extensive damage to the myocardium, including dystrophic calcification that was not seen in wild-type mice. Extensive calcification is also found in mice lacking NK cells in which CVB3 also replicates to high titers, suggesting that calcification is the end result of severe viral damage (2) .
[However, in contrast to mice lacking NK cells, mice lacking NOS2 have greater numbers of heart lesions compared with normal mice (2) .] Thus NO (or a reactive oxygen species derived from NO) protects the myocardium against damage from CVB3 infection by inhibiting viral replication. The replication of CVB3 depends in part on the genetics of the host (43, 44) . Substantial variation in viral titer is observed in infections of the same virus in different strains of mice in our experiments (Fig. 3) . Because the NOS2 null (NOS2 Ϫ/Ϫ ) mouse is a hybrid of the MF1 and the 129 strain, we used the following mice as controls: wild-type MF1, wild-type 129, and also wild-type (MF1,129)F 2 hybrids (45). Other possible strains that could be used as controls for the homozygous NOS2 Ϫ/Ϫ (MF1,129) mice include progeny of matings between heterozygote NOS2 wt/Ϫ (MF1,129) mice. In spite of the variation in viral growth in different strains, the increase in viral titer in mice lacking NOS2 is significant compared with the titer in all strains of wild-type mice.
The host's cellular response to CVB3 infection is complex, depending on lymphocytes, NK cells, and macrophages. One potential role of macrophages is to migrate to foci of CVB3 replication and produce NO. Previously we demonstrated the expression of NOS2 in macrophages infiltrating into the hearts of CVB3-infected mice (36) . Although macrophages might be the major source of NO in the infected heart, cardiac myocytes and lymphocytes can also produce NO from NOS2 in different experimental systems (46) (47) (48) (49) . Thus, many cells in the inflamed heart could conceivably produce NO from NOS2, thereby reducing the replication of CVB3. The host response to CVB3 infection also depends on interferon-␥, which can induce intracellular signals via interferon regulatory factor 1 (IRF-1) (50). Mice lacking IRF-1 are highly susceptible to CVB3 infection (51). NOS2 is not induced in IRF-1 null mice, because IRF-1 is a critical component in the transcriptional activation of NOS2 (52, 53) . However, IRF-1 may activate other antiviral responses in addition to NOS2. For example, IRF-1 regulates NK function (54), regulates expression of major histocompatibility class I genes and (2Ј-5Ј)oligoadenylate syntheses (55) , and affects T cell development resulting in a decrease in CD8 ϩ T cells (56, 57) . Thus the diminished resistance of IRF-1 null mice to viral infection may be because of lack of induction of a variety of genes, including NOS2.
Although CVB3 replicated to much higher titers in mice lacking NOS2 than in wild-type mice, eventually the virus was cleared from the knock-out mice. These data support the hypothesis that NOS2 is part of a rapidly activated but nonspecific component of the immune system, which inhibits the growth of a wide variety of pathogens until slower but more specific host resistance pathways are activated (58) . Data presented here thus suggest that NOS2 protects the host in murine Coxsackievirus myocarditis.
